A conserved stem-loop motif of the constitutive decay element (CDE) in the 3′ UTR of mRNAs is recognized by the ROQ domain of Roquin, which mediates mRNA degradation. Here we report two crystal structures of the Homo sapiens ROQ domain in complex with CDE RNA. The ROQ domain has an elongated shape with three subdomains. The 19-nt Hmgxb3 CDE is bound as a stem-loop to domain III. The 23-nt TNF RNA is bound as a duplex to a separate site at the interface between domains I and II. Mutagenesis studies confirm that the ROQ domain has two separate RNA-binding sites, one for stem-loop RNA (A site) and the other for double-stranded RNA (B site). Mutation in either site perturbs the Roquin-mediated degradation of HMGXB3 and IL6 mRNAs in human cells, demonstrating the importance of both sites for mRNA decay.
a r t i c l e s
The cellular levels of mRNAs are regulated through many different mechanisms, which control mRNA biosynthesis, stability and degradation. For example, microRNAs can recognize appropriate sequence motifs in the mRNAs and can lead to mRNA destruction and/or repression of translation by the ribosome. Other sequence elements in the mRNAs can recruit protein factors to regulate mRNA levels. A well-known example is the AU-rich element (ARE) found in the 3′ untranslated region (3′ UTR) of many mRNAs for cytokines, protooncogenes and transcription factors [1] [2] [3] . The ARE mediates the rapid decay of these mRNAs by recruiting deadenylation and decapping enzymes as well as other proteins, in response to defined cellular signals. Therefore, the ARE functions primarily as a regulated-decay element for these mRNAs.
Recent studies have identified a constitutive-decay element (CDE) in the 3′ UTR of tumor necrosis factor α, inhibitor of κB, inducible T-cell co-stimulator (ICOS) and other mRNAs 4, 5 . The CDE mediates the post-transcriptional, microRNA-independent repression of these mRNAs, irrespective of the cellular environment. A conserved stem-loop motif in the CDE is recognized by the ROQ domain of paralogous proteins Roquin and Roquin-2 (ref. 5) , which recruit the deadenylation and decapping machineries to initiate mRNA degradation 5, 6 . Roquin has a central role in repressing autoimmunity, and mice deficient in both Roquin and Roquin-2 in T cells or those carrying a single-point mutation in the ROQ domain of Roquin (M199R, sanroque mutation) have increased ICOS expression and exhibit a lupus-like autoimmune phenotype [6] [7] [8] [9] [10] [11] . However, overexpression of Roquin in T cells promotes the development of arthritis in a mouse model 12 . Roquin-knockout mice show perinatal lethality but not autoimmunity, thus suggesting that Roquin may have important developmental functions as well 9, 13 .
Human Roquin contains 1,133 amino acid residues (125 kDa, Fig. 1a ). The N-terminal RING-finger, ROQ and CCCH-type zinc-finger (ZF) domains are well conserved among metazoans (Supplementary Fig. 1) . The ROQ domain does not share recognizable sequence conservation with other proteins. It is required for binding the CDE, whereas the RING and ZF domains are dispensable for this interaction 5 . The ROQ domain of Roquin-2 is 88% identical to that of Roquin ( Supplementary Fig. 1) , and Roquin-2 can complement Roquin's function in repressing autoimmunity 9, 10 . The C-terminal segment of Roquin following the ZF is poorly conserved in sequence ( Supplementary Fig. 1 ), but it recruits the deadenylation machinery and is required for CDE-mediated decay 5, 6 .
To understand the molecular basis for CDE recognition by the ROQ domain, we have determined the crystal structures of this domain from human Roquin in complex with two different CDEs from Hmgxb3 and TNF mRNAs. The ROQ domain is actually composed of three subdomains, I, II and III, and the structural analysis reveals previously unrecognized similarity of domains II and III to the helix-turn-helix (HTH) and winged-helix (WH) motifs. The Hmgxb3 CDE stem-loop interacts with the WH motif of domain III, which primarily recognizes the 5′ arm and the loop of the RNA (A site). Two bases of the 3-nt loop are flipped out to make close contacts with the protein. Unexpectedly, the TNF RNA is bound as a duplex, owing to its higher AU content in the stem and hence lower stability of the stem-loop conformation. This RNA is located in a separate binding site (B site) at the interface between domains I and II. Our mutagenesis, biochemical and cellular experiments confirm the importance of both RNA-binding sites for the functions of Roquin in mediating mRNA decay.
RESULTS

Overall structure of the ROQ domain
We determined the structure of the ROQ domain of human Roquin in complex with a 23-nt CDE of human TNF mRNA (TNF 23 ) at 1.9-Å resolution ( Table 1) . TNF 23 contains the 17-nt conserved stem-loop a r t i c l e s as well as 3-nt flanking sequences at its 5′ and 3′ ends ( Fig. 1b and ref. 5). We next determined the structure of the ROQ domain in complex with a 19-nt CDE of mouse Hmgxb3 mRNA (Hmg 19 ) at 2.9-Å resolution, in a different crystal form. This CDE is more GC rich in the stem but has the same 3-nt loop as TNF 23 (Fig. 1b) . Efforts at crystallizing the ROQ domain alone have not been successful.
The structure of the ROQ domain is mostly helical, with 13 helices (αA-αM) and a small three-stranded β-sheet (β1-β3) ( Fig. 1c) . The structure has an elongated shape, with dimensions of approximately 25 Å × 40 Å × 75 Å, and it can be divided into three subdomains. Subdomain I has six tightly packed antiparallel helices, three from the N-terminal end of the ROQ domain (αA-αC) and three from the C-terminal end (αK-αM). The ROQ domain has generally been defined in the literature as containing residues 131-360. Our structure shows, however, that the domain actually covers residues 90-400 ( Fig. 1a) , and the extra ~40 residues at the N and C termini contribute to helices αA and αM, respectively. Subdomain III is formed by residues in the middle of the ROQ domain (195-271), and it contains three helices (αE-αG) and the three-stranded β-sheet ( Fig. 1c) . Unexpectedly, the backbone fold of this domain is similar to that of the WH motif, especially the WH-B domain of the RING ubiquitin-protein ligase cullin [14] [15] [16] and related proteins 17 . For example, the r.m.s. distance among equivalent Cα atoms of this domain and the WH-B domain of cullin 1 is 2.3 Å (Supplementary Note 1 and Supplementary Fig. 2 ), although the amino acid sequence identity of the aligned residues is only 11%, on the basis of an analysis with DaliLite (Z score of 9.2) 18 . Another structural homolog of this domain is the WH motif of elongation factor SelB ( Supplementary Fig. 2) , which is responsible for selenocysteine incorporation during translation 19 . The r.m.s. distance is 2.7 Å, and the sequence identity is 13% (Z score of 5.6).
Subdomain II, with four helices (αD and αH-αJ), connects domains I and III, and there are no direct contacts between them ( Fig. 1c) . It has tight contacts with domain III, with ~900 Å 2 of surface-area burial, whereas the interface with domain I is more limited (~200 Å 2 of surface-area burial) and mostly hydrophilic in nature. To our surprise, helices αH-αJ form another HTH motif in the ROQ domain, and its structural homologs include other HTH and WH proteins, such as the Zα domain of human adenosine deaminase 1 ( Supplementary  Fig. 2 and ref. 20) . The r.m.s. distance is 1.8 Å for 48 equivalent Cα atoms, and the sequence identity is 14% (Z score of 4.9).
In fact, the arrangement of helices αH-αJ in domain II is also similar to that of helices αE-αG in domain III, even though domain II lacks the three-stranded β-sheet (the 'wing') compared to domain III ( Fig. 1d and Supplementary Note 1) . The r.m.s. distance is 2.1 Å for 44 equivalent Cα atoms, and the sequence conservation is 16% (Z score of 3.8, indicating a more remote similarity between the two domains). Helix αD of domain II is not a part of the HTH motif but has close interactions with helices αH and αI.
Binding mode of the Hmgxb3 CDE
We chose the Hmgxb3 CDE for our studies because it has four G-C base pairs in the stem and is therefore expected to be more stable as a stem-loop than the TNF CDE ( Fig. 1b) . The stem of Hmg 19 contains six Watson-Crick base pairs and assumes a slightly distorted A-form RNA structure ( Fig. 2a) . A U1-G17 wobble at the base of the stem has been proposed in an earlier report 5 , but this base pair was not formed, and in fact G17 was disordered ( Fig. 2a) . These two nucleotides are present in TNF and Hmgxb3 but are not conserved in the other CDEs ( Supplementary Fig. 3 ).
The majority of the interactions between Hmg 19 and the ROQ domain are mediated through the 3-nt loop and the 5′ arm of the stem, which contact primarily domain III (helices αF and αG of the HTH motif and the β2-β3 loop of the wing) of the ROQ domain ( Fig. 2b-d) . In contrast, the 3′ arm of the stem has few contacts with the protein and weaker electron density ( Fig. 2a) .
We will refer to this binding site for the Hmg 19 RNA as the A site ( Fig. 1c ). It is located in an electropositive surface patch in the ROQ domain ( Supplementary Fig. 4) . The protein-RNA interface involves hydrogen-bonding and ionic interactions with the backbone phosphate groups of the RNA and π-stacking interactions for a few of the bases (Supplementary Note 2). Both pyrimidine bases of the U8-G9-U10 triloop are flipped out and have close contacts with the protein (Fig. 2b,c) . The base of G9 is stacked with the last base pair of the stem as well as the guanidinium group of Arg219 (αF). The base of U1 is flipped ~180° from the helical pattern of the stem ( Fig. 2a) and is π-stacked with the side chain of Trp184, in helix αD of domain II (Fig. 2d) .
Amino acids in this interface are highly conserved among the ROQ domains ( Supplementary Fig. 1 ). However, none of the 19 appear to be recognized specifically by the A site. Nonetheless, this site recognizes the shape of the 3-nt loop ( Fig. 2c) and is unlikely to accommodate other types of loops. This provides a degree a selectivity in the interactions between the ROQ domain and Hmg 19 and may explain why all known CDEs have a triloop with pyrimidines at the first and third positions and purine at the second position 5 .
Binding mode of the TNF 23 RNA Unexpectedly, our crystallographic analysis revealed that the TNF 23 RNA is not in a stem-loop conformation in the crystal. Instead, we found the two TNF 23 molecules in an antiparallel, doublehelical structure formed by the stem regions of the two RNAs ( Supplementary Fig. 5 ). The 3-nt loop gives rise to an unpaired region in the middle of this duplex, which has weaker electron density, thus suggesting that this region is somewhat flexible. In fact, one nucleotide in this region (U10) is disordered in the crystal ( Supplementary Fig. 5 ). Our further experiments showed that the formation of this duplex was due to the lower stability of the stem-loop conformation (low GC content) and the high concentration that was needed for crystallization ( Supplementary Note 3) . Under physiological conditions, the TNF CDE exists as a stem-loop and is expected to be recognized by Roquin through the A site in domain III. The TNF 23 duplex contains six Watson-Crick base pairs from each of the stem regions of the TNF 23 RNA ( Supplementary  Fig. 5 ). The two ROQ domains in the asymmetric unit have contacts with the base-paired regions of the TNF 23 RNA but have no interactions with the nucleotides in the loop region in the middle of the duplex (Supplementary Fig. 5 ). The RNA is positioned in an electropositive surface depression at the interface of domains I and II ( Supplementary Fig. 4) , and we will refer to this binding site as the B site ( Fig. 3a) .
Both arms of the base-paired region interact with the ROQ domain ( Fig. 3b, Supplementary Note 4 and Supplementary Fig. 6 ). For the 5′ arm, nucleotides U4, U5 and U6, near the middle of the base-paired region, have hydrogen-bonding interactions with residues in helix αJ of domain II (Fig. 3c) . In addition, the interactions with the base of U4 are consistent with pyrimidines because they involve the carbonyl oxygen on the C2 atom that is shared between U and C. For the 3′ arm, nucleotides A14, A15 and C16 near the end of the duplex contact residues in helices αB and αC of domain I (Fig. 3d) . These residues that interact with the RNA are highly conserved among the ROQ domains (Supplementary Fig. 1 ). However, neither arm of the RNA appears to make strong contacts with the ROQ domain. Therefore, simultaneous binding to both arms may be required for association with the B site and this site is likely for binding double-stranded RNA (dsRNA). Moreover, the exact sequence of the RNA is not specifically recognized in this binding site either. npg a r t i c l e s Helix αJ in domain II that mediates the interactions with TNF 23 is the second helix of the HTH motif. However, the binding mode of TNF 23 to this domain is rather different from that of nucleic acids to other HTH motifs (Supplementary Fig. 2) . Moreover, the position of TNF 23 relative to domain II is also strikingly different from that of Hmg 19 relative to domain III (Fig. 1d) . The helical axes of the two RNAs are at a nearly 90° angle, probably because of the involvement of domain I in the binding of TNF 23 .
Mutations in the interfaces abolish RNA binding
We next introduced mutations in the ROQ-domain residues that are in the interfaces with RNA and assessed their effects on binding by electrophoretic mobility shift assay (EMSA). Mutations in the interface with Hmg 19 (A site) included K239E T240A ( Fig. 2d ) and Q247A Y250A R251E (Fig. 2b) , and those in the interface with TNF 23 (B site) included Q318A S319A of domain II (Fig. 3c) , R135E K136E R164E of domain I (Fig. 3d) and R135E K136E D322A K323A of both domains. The mutants produced similar elution profiles from cation-exchange chromatography as that for the wild-type ROQ domain, thus suggesting that the mutations did not disrupt the overall structure of the domain.
We incubated the Hmg 19 and TNF 23 RNAs with the wild-type and mutant ROQ-domain proteins in the presence of 200 mM NaCl. The EMSA results showed that mutations in the A site blocked binding to both Hmg 19 and TNF 23 , whereas mutations in the B site had only small effects on binding of the two RNAs (Fig. 4a) . These results confirm the structural observations and suggest that both Hmg 19 and TNF 23 predominantly adopt the stem-loop conformation under these experimental conditions (1 µM RNA concentration).
To confirm that the B site is truly for binding dsRNA, we created another RNA molecule by replacing the 3-nt loop of TNF 23 with two GC base pairs (TNF ds , Fig. 1b) . We mixed and annealed the two separate chains to form the dsRNA and found that mutations in the B site completely blocked binding to this RNA (Fig. 4a) . Wild-type ROQ domain as well as the mutants in the A site bound to this RNA, but the complex migrated as a smear on the gel, probably because of its poor stability. We then decreased the NaCl concentration to 50 mM and observed a clear band for the complex in the EMSA experiment, whereas mutations in the B site still abolished the interactions with the TNF ds RNA (Fig. 4b) . The lower ionic strength also stabilized the complex with the stem-loop RNA, such that the effects of mutations in the A site were reduced. This is consistent with the structural observations in which the interface is mostly ionic and hydrophilic in nature (Fig. 2b) . Finally, the single-stranded RNA species of TNF ds did not cause a gel shift (data not shown), thus proving that the B site is a dsRNA-binding site.
Two separate RNA-binding sites in the ROQ domain
The structures of the Hmg 19 and TNF 23 complexes demonstrate that the ROQ domain has two separate RNA-binding sites with no overlaps between them (Fig. 5a) npg a r t i c l e s contacts with the ROQ domain (Fig. 2c) . Our mutagenesis and EMSA results confirm that the A site in domain III is for binding stem-loop RNA, whereas the B site at the interface of domains I and II is for binding dsRNA.
The position of domain I relative to domains II and III in the Hmg 19 complex is substantially different from that in the TNF 23 complex, corresponding to a rotation of ~30° (Fig. 5a) . This conformational change reduces the size of the groove between domains I and II, such that the B site in the Hmg 19 complex cannot accommodate dsRNA, owing to steric clashes. However, this change is probably due to the limited interface between domains I and II, and the consequent flexibility of domain I, rather than being caused by Hmg 19 binding.
To obtain direct experimental evidence that the ROQ domain can bind both stem-loop RNA and dsRNA at the same time, we preincubated wild-type ROQ domain with fluorescently labeled TNF ds RNA and then introduced increasing concentrations of unlabeled Hmg 19 RNA. The EMSA result clearly showed a faster-migrating species in the presence of Hmg 19 , corresponding to the formation of the ROQ-TNF ds -Hmg 19 ternary complex (Fig. 5b) . In comparison, mutations in the A site that blocked Hmg 19 binding also abolished the formation of the ternary complex (Fig. 5c) . We also reversed the sequence of incubation of the two RNAs and obtained the same results (data not shown). Therefore, the A and B sites of the ROQ domain can function independently of each other and can bind RNA individually (as observed in the crystal structures) as well as simultaneously.
Both RNA-binding sites are important for mRNA decay
To assess the functional significance of the two RNA-binding sites in promoting decay of mRNAs targeted by Roquin, we simultaneously (Fig. 6a) , which we confirmed to be stable and expressed at comparable protein levels (M.Z. and M.K., unpublished data). We tested the stability of HMGXB3 and PPP1R10 mRNAs, which were shown to be responsive to Roquin in mouse NIH3T3 cells 5 , and the pleiotropic cytokine IL6 mRNA, which may possess a CDE ( Supplementary  Fig. 3) . Reduction of endogenous Roquin and Roquin-2, by 70% and 90%, respectively, led to stabilization of the human HMGXB3 and IL6 mRNAs that was reversed upon complementation with short hairpin RNA (shRNA)-resistant wild-type Roquin (Fig. 6b) . In contrast, despite levels of expression comparable to that of wild type (Fig. 6a) , neither the A-site nor the B-site Roquin mutants could restore the decay of these mRNAs, thus demonstrating that both sites are necessary for efficient Roquin-mediated decay of target mRNAs in cells. The effect of Roquin knockdown on IL6 stability is smaller, in agreement with the presence of other mechanisms that regulate this mRNA 21 . As expected, an mRNA lacking a predicted CDE, PAQR8, was not responsive to changes in Roquin levels. Surprisingly, the PPP1R10 mRNA was also nonresponsive to a reduction in Roquin levels or complementation with Roquin in human cells, thus indicating some functional differences between the human and mouse cells for this mRNA.
DISCUSSION
Our structural studies reveal that the ROQ domain actually consists of three subdomains. Moreover, although the ROQ domain does not share recognizable sequence homology with other proteins, the structures show that it contains two HTH motifs in tandem: a WH motif in domain III and an HTH motif in domain II. These motifs are known to bind DNA and RNA as well as to mediate protein-protein interactions 22 . Our mutagenesis and biochemical studies show that the WH motif in domain III is crucial for binding stem-loop RNA (the A site) and that the HTH motif in domain II contributes to binding dsRNA (the B site). The tight interface between domains II and III suggests that they may function together as a unit. Domain I of the ROQ domain, with a unique arrangement of helices, is also involved in dsRNA binding. Therefore, all three domains of the ROQ domain mediate or contribute to RNA binding.
The presence of two RNA-binding sites in the ROQ domain accords with and explains the current data on Roquin. Immunoprecipitation experiments with Roquin have identified a large number of mRNAs, many of which do not contain the conserved CDE stem-loop 5 . Within the ICOS 3′ UTR, Roquin also recognizes sequences in addition to the CDE 6, 23 . Therefore, Roquin may bind sequences other than the CDE stem-loop, and the B site may have an important role in recognizing such RNAs.
The distance from the 3′ end of the dsRNA in the B site to the 5′ end of the stem-loop in the A site is ~30 Å, a span that can be bridged by a linker of at least 7 nt (Fig. 5d) . However, the distance from the 3′ end of the stem-loop in the A site to the 5′ end of the dsRNA in the B site is ~60 Å, and a longer linker would be needed to connect these two ends (Supplementary Fig. 3) . Alternatively, the two binding sites in the ROQ domain may function independently and may bind separate RNA molecules.
Our studies show that domain III has a crucial role in recognizing the CDE stem-loop. The functional importance of this domain is further supported by the fact that it also contains the M199R mutation that produces the sanroque phenotype in mice 7 . The Met199 residue is located at the N-terminal end of helix αE, but it is not in the interface with RNA (Fig. 1c) . The side chain is partially exposed to the surface (Supplementary Fig. 6 ), and the mutation to arginine can be accommodated without substantially perturbing the structure. The structural observations are consistent with reports showing that the M199R mutant has similar binding affinity for the CDE as that of the wild-type protein 5 and that the mutation does not affect the stability of Roquin 7 but partially reduces its ability to repress ICOS expression 8 . The role of the M199R mutation in the sanroque phenotype is probably due to a different mechanism, for example disrupting interactions with a protein partner, because the arginine side chain introduced by the mutation is expected to change the surface shape and electrostatic properties of that region of domain III.
Overall, our structural and biochemical studies have defined the molecular basis for the recognition of the CDE stem-loop by the ROQ domain and have unexpectedly revealed a separate site for dsRNA recognition by this domain. Our functional studies showed that both binding sites are important for Roquin-mediated decay of target mRNAs. The structures also provide a foundation for understanding the functions of Roquin and the CDE in mediating mRNA decay as well as other cellular processes.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Coordinates and structure factors have been deposited in the Protein Data Bank under accession codes 4QIK (TNF 23 complex) and 4QIL (Hmg 19 complex).
